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Objective: Pulmonary fibrosis is a progressive disease characterized by chronic inflammation and ultimately leads to irreversible 
scarring of lung tissue. Current therapies primarily target fibrotic pathways, such as the antifibrotic agents nintedanib and pirfenidone. 
In bleomycin-induced lung fibrosis models, neutrophils are critical contributors, yet anti-neutrophilic strategies remain underexplored. 
To address this unmet need, this study characterizes the associations between neutrophilic inflammation and neutrophil adhesion, lung 
inflammation, and fibrosis in bleomycin models. It further evaluates the effects of disulfiram on neutrophil-driven responses, focusing 
on pyroptosis-related endothelial dysfunction.
Methods: Disulfiram was administered to 8–12-week-old male C57BL/6 mice by intraperitoneal injection at a dose of 25 or 50 mg/kg 
daily for five days per week, starting 24 hours after intratracheal injection of bleomycin at 1.5 U/kg. Lung histopathology, chemokine 
receptor expression, and regulatory signaling pathways were analyzed at 7 or 14 days following bleomycin administration with and 
without disulfiram treatment.
Results: Histological analysis demonstrated that disulfiram significantly reduced lung inflammation and fibrosis, as evidenced by 
hematoxylin and eosin staining and Ashcroft scoring of lung sections. Disulfiram treatment also decreased N-terminal gasdermin 
D (N-GSDMD) levels, a main player in the mechanism of pyroptosis. Furthermore, significant downregulation of key markers, 
including lymphocyte antigen 6G, myeloperoxidase, phospho-nuclear factor kappa-light-chain-enhancer of activated B cells, vascular 
cell adhesion molecule 1 (VCAM-1), and intercellular adhesion molecule 1, was observed in disulfiram-treated bleomycin-induced 
pulmonary fibrosis mice. Additionally, disulfiram suppressed pyroptosis activation, which in turn reduced endothelial damage and 
neutrophil adhesion in human pulmonary microvascular endothelial cells, as evidenced by decreased expression of N-GSDMD, and 
VCAM-1, together with restoration of CD31 expression.
Conclusion: In conclusion, disulfiram reduced bleomycin-induced lung inflammation and fibrosis by modulating endothelial 
pyroptosis-related neutrophilic inflammation and adhesion.
Keywords: disulfiram, pulmonary fibrosis, neutrophil adhesion, endothelial pyroptosis

Introduction
Pulmonary fibrosis is a progressive disease that follows pulmonary inflammation and is characterized by the abnormal 
deposition of collagen and extracellular matrix.1,2 The pathophysiology of pulmonary inflammation and fibrosis is 
complex involving various cellular and molecular pathways and still not fully understood. Current treatments for 
pulmonary fibrosis primarily focus on antifibrotic agents, including nintedanib and pirfenidone, which are currently 
approved for clinical use.3,4 However, the early-stage intervention of targeting neutrophilic inflammation remains 
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underexplored and warrants further investigation. Recent research has demonstrated that the abnormal activation of 
neutrophils and macrophages, along with the cytokines they release, plays a crucial role in lung inflammation and 
subsequent fibrosis.5,6 Among the various mechanisms and hypotheses, pyroptosis, an inflammatory form of programmed 
cell death driven by pore formation, has garnered attention as a potential link to lung inflammation and fibrosis 
formation.7,8 Gasdermin D (GSDMD) is a critical mediator of pyroptosis, consisting of an N-terminal pore-forming 
domain and a C-terminal autoinhibitory domain.9,10 Previous studies have shown that cleavage of GSDMD releases the 
active pore-forming fragment, N-GSDMD, which inserts into the plasma membrane and forms pores, leading to 
pyroptosis.11,12 This process further induces the release of various cytokines, contributing to sustained inflammation.

Bleomycin (BLM)-induced pulmonary fibrosis has long been used as a model for fibrotic lung diseases in animal 
studies.13,14 This model involves acute inflammation in the alveolar epithelium, followed by fibrosis, a process also 
observed in idiopathic pulmonary fibrosis (IPF) and acute respiratory distress syndrome (ARDS). Previous studies have 
shown that BLM may also induce endothelial inflammation through the upregulation of fibrogenic mediators, including 
transforming growth factor (TGF)-β, connective tissue growth factor, and platelet-derived growth factor-C.15,16 These 
mediators are elevated in cells from BLM-treated lungs compared to untreated lungs, contributing to the progression of 
lung fibrosis.17 However, current investigations examining the relationship between GSDMD-mediated endothelial 
damage and lung fibrosis remain limited. Disulfiram (DSF), initially developed for the treatment of alcohol use 
disorder,18,19 has attracted attention for its potential protective and therapeutic effects in various diseases, particularly 
its impact on lung inflammation and fibrosis.20,21 A previous study demonstrated that DSF could suppress the NOD-like 
receptor protein-3 (NLRP3)-mediated pyroptosis pathway induced by BLM, thereby alleviating lung inflammation.22 

Additionally, Meiyue Song et al reported that DSF inhibits pyroptosis in alveolar macrophages, reducing pathological 
damage and inflammatory diseases.22 However, these studies primarily focused on macrophages. While DSF is 
classically known as an aldehyde dehydrogenase inhibitor and has been shown to possess antioxidant properties,23,24 

the specific role of DSF in regulating endothelial pyroptosis-mediated neutrophil adhesion remains a critical knowledge 
gap. To address this knowledge gap, we aim to evaluate the relationship between DSF and neutrophilic inflammation and 
adhesion in bleomycin-induced pulmonary fibrosis.

Materials and Methods
Experimental Animals and Animal Models
Male C57BL/6 mice (8–12 weeks old, weighing 20–25 g) were purchased from the National Experimental Animal 
Center (Taipei, Taiwan) and housed in standard plastic cages with husk bedding at 25±2°C, under a 12-hour light/dark 
cycle. The mice were maintained under specific pathogen-free conditions and provided with food and water ad libitum. 
All experiments were conducted in accordance with protocols approved by the Institutional Animal Care and Use 
Committee (TVGH IACUC No. 2021–160).

To induce pulmonary fibrosis, the mice were anesthetized and given an intratracheal injection of bleomycin sulfate 
(Merck, Darmstadt, Germany) at a dose of 1.5 U/kg in 50 µL phosphate-buffered saline (PBS), following a protocol 
adapted from our previous experiments.25,26 Control mice received an intratracheal injection of 50 µL PBS and did not 
receive any subsequent treatment. In dose-response experiments, DSF was prepared in 200 µL of vehicle (160 µL 
dimethyl sulfoxide [DMSO] and 40 µL PBS) and administered at a dose of 25 or 50 mg/kg by intraperitoneal injection (i. 
p) for five days each week, beginning 24 hours after BLM administration, as modified from a previous study.27 Mice in 
the BLM group did not receive DSF treatment. For the DSF-alone group, mice received intratracheal PBS followed by i. 
p. DSF at 50 mg/kg. The animals were sacrificed on days 7 or 14 after BLM administration, corresponding to the phases 
of maximal inflammation and fibrosis, respectively.

Histology and Immunohistochemistry
Lungs from both the DSF-treated and control groups were excised at 7 and 14 days following BLM-induced pulmonary 
fibrosis. The lung tissue was then fixed in 4% paraformaldehyde for 10 minutes, embedded in paraffin, and cut into 3 µm 
thick sections. Hematoxylin and eosin (HE) and immunohistochemical (IHC) staining were performed on 3 µm paraffin 
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sections of formalin-fixed lung samples. Staining for GSDMD (1:100, ab219800, abcam, Cambridge, UK), N-GSDMD 
(1:100, #10137, Cell Signaling, Danvers, MA, USA), lymphocyte antigen 6G (Ly6G) (1:100, LS-C112469, LSBio, 
Washington, USA), myeloperoxidase (MPO) (1:100, sc-52707, Santa Cruz, Dallas, Texas, USA), phospho-nuclear factor 
kappa-light-chain-enhancer of activated B cells (p-NF-κB) (1:100, #3033, Cell Signaling, Danvers, MA, USA), and 
vascular cell adhesion molecule 1 (VCAM-1) (1:100, ARG42059, arigo, Zhubei City, Hsinchu County, R.O.C), and 
intercellular adhesion molecule 1 (ICAM-1) (1:100, 16,174-1-AP, Proteintech, Rosemont, IL, USA) were carried out 
using Envision® + Dual Link System-HRP (DAB+) kits (K4065, DAKO, Carpinteria, CA, USA). Briefly, the sections 
were deparaffinized with xylene, dehydrated with ethanol, and heated in 0.01 M citrate buffer (pH 6.0). Endogenous 
peroxidase activity was blocked using 3% hydrogen peroxide for 10 minutes at room temperature, followed by blocking 
with a blocking buffer (K4065 kit). The sections were then incubated with primary antibodies at room temperature for 
1 hour. Secondary anti-mouse antibodies and polymer peroxidase complexes (K4065 kit) were applied for 30 minutes at 
room temperature, followed by substrate/chromogen treatment (K4065 kit) and a 5- to 15-second incubation at room 
temperature. The slides were counterstained with hematoxylin (109249, Merck, Darmstadt, Germany) for 10 seconds and 
washed in running water for 10 minutes. The sections were observed and photographed using a Leica microscope (Leica 
Camera AG, Wetzlar, Germany) and a SPOT RT camera (Diagnostic Instruments, Inc., Sterling Heights, MI, USA). To 
quantitatively analyze the IHC intensity in the stained area, the percentage of IHC signal per photographed field was 
calculated using image processing software (Image-Pro Plus, Media Cybernetics, Inc., Silver Spring, MD, USA).

Lung Injury Score
To quantify the severity of lung fibrosis histologically, a lung injury score was assessed. Two investigators independently 
evaluated each HE-stained slide in a blinded manner. The lung injury score was generated by counting 300 alveoli on 
each slide at 400× magnification. Points were assigned within each field based on predetermined criteria from a previous 
study: lung injury score = ([alveolar hemorrhage points/number of fields] + 2 × [alveolar infiltrate points/number of 
fields] + 3 × [fibrin points/number of fields] + [alveolar septal congestion/number of fields]) / total number of alveoli 
counted.28 Three to five mice were used in each group.

Masson’s Trichrome Staining and Ashcroft Scale
Lung sections were fixed in 4% paraformaldehyde for 10 minutes, embedded in paraffin, and cut into 3 µm thick 
sections. These sections were then stained using the Trichrome Stain Kit (ab150686, Abcam, Cambridge, UK) according 
to the manufacturer’s instructions. Two investigators independently evaluated each Masson’s trichrome-stained slide in 
a blinded manner. Points were assigned within each field based on predetermined criteria from a previous study,29 graded 
on a scale from 0 to 8, where Grade 0 represents normal lung, Grades 1–3 indicate minimal fibrous thickening, Grades 
4–6 denote moderate fibrosis, and Grades 7–8 represent severe distortion of structure and total fibrous obliteration of the 
field.

Western Blotting
Homogenized lung tissue in lysis buffer (475 µL RIPA, 5 µL reagent cocktail, and 20 µL 0.1 M Na3VO4) was 
centrifuged at 12,000 rpm for 20 minutes at 4°C and the supernatants were collected and stored at −80°C until use. 
Equal amounts of protein homogenate were resolved on 7.5–10% sodium dodecyl sulfate–polyacrylamide gel electro
phoresis (SDS-PAGE) gels and transferred onto polyvinylidene fluoride (PVDF) membranes. The blots were blocked in 
Tris-buffered saline and polysorbate 20 (TBST, with 1% Tween 20) containing 5% milk and probed with primary 
antibodies against NF-κB (1:1000, #8242, Cell Signaling, Danvers, MA, USA), p-NF-κB (1:1000, #3033, Cell Signaling, 
Danvers, MA, USA), GSDMD (1:1000, ab219800, abcam, Cambridge, UK), N-GSDMD (1:1000, #10137, Cell 
Signaling, Danvers, MA, USA), VLA-4 (1:1000, #8440, Cell Signaling Technology, Danvers, MA, USA), lymphocyte 
function-associated antigen-1 (LFA-1) (1:1000, 10,554-1-AP, Proteintech, Rosemont, IL, USA), VCAM-1 (1:1000, 
ARG42059, arigo, Zhubei City, Hsinchu County, R.O.C), ICAM-1 (1:1000, 16,174-1-AP, Proteintech, Rosemont, IL, 
USA), and β-actin (1:5000, 20,536-1-A, Proteintech, Rosemont, IL, USA). The blots were then washed in TBST, 
incubated with horseradish peroxidase (HRP)-conjugated secondary antibodies (1:10000, goat anti-rabbit IgG H+L, 
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ab205718, Abcam, Cambridge, UK), and detected using enhanced chemiluminescence (Pierce Biochemicals, 32106, 
Thermo Fisher Scientific, Waltham, MA, USA). Each blot was exposed to film, and densitometry of immunoreactive 
bands was performed using ImageJ software (National Institutes of Health, Bethesda, MD, USA).

Immunofluorescence (IF) Staining
The sections were deparaffinized with xylene, dehydrated with ethanol, and then heated in 0.01 M citrate buffer (pH 6.0). 
After blocking with 3% fetal bovine serum (FBS) in PBS for 60 minutes at room temperature, primary antibodies against 
Ly6G (1:100, LS-C112469, LSBio, Washington, USA), very late antigen 4 (VLA-4) (1:100, 8440S, Cell Signaling 
Technology, Danvers, MA, USA), chemokine (C-X-C motif) receptor 2 (CXCR2) (1:100, ab217314, Abcam, Cambridge, 
UK), and G protein-coupled receptor kinase 2 (GRK2) (1:100, orb669177, Biorbyt, Cambridge, UK) were applied 
overnight at 4°C. The following day, secondary antibodies, goat anti-rabbit immunoglobulin G (IgG) H+L (Alexa Fluor® 

488) (1:400, ab150077, Abcam, Cambridge, UK) and goat anti-rabbit IgG H+L (Cy5®) (1:400, ab6564, Abcam, 
Cambridge, UK), were incubated at 37°C for 2 hours. The slides were then mounted with mounting medium containing 
4’,6-diamidino-2-phenylindole (DAPI) (H-1200, Vector Laboratories, Burlingame, CA, USA) for nuclear staining. 
Images of the cells were captured using a FLUOVIEW confocal microscope (FV10i, Olympus America, Melville, 
NY, USA).

Culture of Human Pulmonary Microvascular Endothelial Cells (HPMECs)
HPMECs at a density of 5×104 were seeded and cultured in each well of an 8-well chamber slide coated with fibronectin 
until they reached confluency. The cells were then treated according to the experimental design. After treatment, the cells 
from different groups were fixed with 4% paraformaldehyde, permeabilized with 0.5% Triton X-100 (in PBS), and 
blocked with 3% FBS (in PBS) for 60 minutes at room temperature prior to IF staining.

Neutrophil Adhesion Assay
Neutrophil adhesion methods were modified from a previous approach.30 Peripheral blood was collected from a healthy 
individual, and neutrophils (purity > 98%) were isolated using plasma-Percoll gradients following dextran sedimentation 
of erythrocytes. The neutrophils were resuspended in RPMI 1640 containing 5% fetal calf serum at a final concentration 
of 5 × 106 cells/mL. HPMECs were seeded in a 3 cm dish to cover 95% of the bottom surface. Prior to the adhesion 
experiment, HPMECs were treated with or without BLM and DSF for 6 hours. Neutrophils were stained with 4 μg/mL 
Calcein-AM (BD Pharmingen, #564061) for 1 hour. After washing twice with 1x PBS, neutrophils were co-cultured with 
HPMECs for 2 hours at 37°C. The liquid was then removed, and the cells were washed twice with 1x PBS. Fluorescence 
cell counts were measured after fixation with 4% paraformaldehyde. Specifically, the adhered neutrophils were manually 
counted in three to five randomly selected, non-overlapping fields per well by independent investigators blinded to the 
treatment groups, and the average number of cells per field was calculated.

Lactate Dehydrogenase (LDH) Release Assay
Cytotoxicity was evaluated by measuring LDH release using the CytoTox 96® Non-Radioactive Cytotoxicity Assay 
(Promega, Madison, WI, USA). HPMECs (3 × 104 cells/well) were cultured in 96-well plates and subjected to the 
indicated treatments for 24 hours. To determine the maximum LDH release, control cells were completely lysed with the 
provided 10X Lysis Solution for 45 minutes prior to supernatant collection. Subsequently, 50 μL of cell culture 
supernatant from each well was transferred to a fresh plate and mixed with 50 μL of CytoTox 96® Reagent. After a 30- 
minute incubation at room temperature in the dark, the reaction was terminated by adding 50 μL of Stop Solution. 
Absorbance was measured at 490 nm using a microplate reader. The percentage of LDH release was calculated as 
[(Experimental OD - Background OD) / (Maximum OD - Background OD)] × 100.

Statistical Analysis
The mice were prepared and studied concurrently. Separate mice were used for IHC, lung injury score, Ashcroft scale, 
immunofluorescence, and Western blotting analyses. Data are presented as the mean ± standard deviation for each 
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experimental group. One-way analysis of variance (ANOVA) followed by the Tukey–Kramer multiple comparisons test 
or a pairwise Student’s t-test was used for statistical analysis. A p-value of less than 0.05 was considered statistically 
significant.

Results
Effects of DSF on the Histopathological Changes in Mice with BLM-Induced Pulmonary 
Fibrosis
Lung inflammation and fibrosis induced by pyroptosis were triggered by intratracheal injection of BLM (Supplementary 
Figure 1). Figure 1A shows that IF of N-GSDMD was increased following BLM administration. Additionally, progres
sive lung fibrosis was observed, particularly on day 14, when compared to mice that did not receive BLM.

To investigate the effect of DSF on pyroptosis in lung fibrosis, lung sections were obtained from mice with BLM- 
induced lung fibrosis on day 14. The mice received varying doses of DSF via i.p., including 25 mg/kg and 50 mg/kg, 
along with a control group that did not receive treatment. Histological evaluation by HE staining showed a significant 
reduction in lung inflammation and fibrosis after DSF treatment, with a more pronounced effect observed at the 50 mg/kg 
dose compared to the 25 mg/kg dose. The lung injury score was also lower in the DSF-treated groups compared to the 
untreated group (Figure 1B). Masson’s trichrome staining and the Ashcroft score both showed the progression of 
pulmonary fibrosis 14 days after BLM injection. Treatment with DSF significantly attenuated BLM-induced pulmonary 
fibrosis, as demonstrated by reduced collagen deposition in Masson’s trichrome staining and lower fibrosis grades in the 
Ashcroft score (Figure 1C).

We further investigated the relationship between DSF and the GSDMD pathway using IHC staining. Compared to the 
control group, lung sections from BLM-injected mice demonstrated significantly higher levels of N-GSDMD and 
increased neutrophil infiltration. Following DSF treatment, a marked reduction in N-GSDMD levels was observed, 
along with a significantly lower ratio of N-GSDMD to GSDMD (Figure 1D). Additionally, IF staining revealed that 
BLM-induced pulmonary fibrosis mice treated with DSF also showed a significant decrease in N-GSDMD compared to 
untreated mice (Figure 1E). These findings suggest that DSF effectively inhibits BLM-induced lung inflammation and 
fibrosis by reducing the cleavage of N-GSDMD from GSDMD.

Effects of DSF on BLM-Induced Neutrophilic Inflammation and Adhesion
IHC staining of lung sections was performed to examine neutrophilic inflammation in mice with pulmonary fibrosis. The 
expression of Ly6G, a specific marker for neutrophil infiltration, and MPO, an indicator of neutrophil activation, were 
significantly increased 14 days after BLM injection, but both markers were suppressed following DSF treatment at a dose 
of 50 mg/kg (Figure 2A and B). Additionally, p-NF-κB showed a similar expression pattern, suggesting that DSF may 
reduce BLM-induced neutrophilic inflammation and accumulation in the lungs (Figure 2C).

In addition to neutrophilic inflammation, we investigated the effect of DSF on neutrophil adhesion by evaluating the 
expression of VCAM-1 and ICAM-1 as these are key endothelial adhesion molecules essential for the firm adhesion and 
recruitment of neutrophils to inflamed tissues. Figure 3A shows that 14 days after intratracheal BLM administration, both 
VCAM-1 and ICAM-1 were significantly expressed compared to the control group. DSF treatment notably reduced the 
expression levels of both adhesion markers, as observed in the IHC staining. Moreover, bronchoalveolar lavage fluid 
(BALF) analysis revealed a marked accumulation and adhesion of neutrophils in the lungs of mice with BLM-induced 
lung fibrosis, evidenced by increased expression of Ly6G and VLA-4, a neutrophil integrin and marker of neutrophil 
adhesion. DSF effectively decreased polymorphonuclear neutrophil (PMN) aggregation and adhesion compared to the 
untreated group (Figure 3B). Western blot analysis of lung tissue further confirmed these findings, showing that DSF 
inhibits the active form of NF-κB (p-NF-κB) and prevents the cleavage of GSDMD to N-GSDMD (Figure 4A). 
Additionally, DSF reduced neutrophil accumulation and adhesion by down-regulating VLA-4, LFA-1, VCAM-1, and 
ICAM-1 (Figure 4B).

We also observed that BLM enhanced PMN chemotaxis by increasing CXCR2 expression and down-regulating 
GRK2 in peripheral blood. IF staining showed that DSF suppressed the expression of CXCR2 and upregulated GRK2 in 
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Figure 1 Histological assessment and GSDMD/N-GSDMD expression in bleomycin (BLM)-induced pulmonary fibrosis with disulfiram (DSF) treatment. (A) Representative 
immunofluorescence (IF) images of lung sections stained for N-GSDMD (green) and GSDMD (red) in control lungs and in BLM-treated lungs on days 7 and 14. Nuclei are stained 
with DAPI (blue). Scale bar = 100 μm. (B) Representative Hematoxylin and Eosin (HE) stained lung sections (left panels) and quantitative analysis of lung injury scores (right panel) in 
Control, BLM, BLM+DSF25, BLM+DSF50 and DSF50 groups on day 14. Scale bar = 100 μm. (C) Representative Masson’s trichrome stained lung sections (left panels) for collagen 
deposition (blue) and quantitative analysis using the Ashcroft score (right panel) in Control, BLM, BLM+DSF25, BLM+DSF50 and DSF50 groups on day 14. Scale bar = 100 μm. (D) 
Representative immunohistochemical (IHC) images and corresponding quantitative analysis of GSDMD expression, N-GSDMD expression, and the ratio of N-GSDMD to GSDMD in 
lung tissues from the Control, BLM, BLM+DSF25, BLM+DSF50 and DSF50 groups on day 14. Upper and lower image panels show GSDMD and N-GSDMD staining, respectively; the 
right panels show the corresponding quantification and the N-GSDMD/GSDMD ratio. Scale bar = 100 μm. (E) Representative IF images (left panels) of N-GSDMD (Alexa Fluor 488, 
green) and GSDMD (Cy5, red) expression in lung tissues from Control, BLM, BLM+DSF25, BLM+DSF50 and DSF50 groups on day 14. Nuclei are stained with DAPI (blue). Scale bar = 
100 μm. Data are presented as mean ± SD. *p < 0.05 vs. Control group; #p < 0.05 vs. BLM group (n = 3–4 per group). DSF25: 25 mg/kg DSF; DSF50: 50 mg/kg DSF. Symbols represent 
individual mice.
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Figure 2 Assessment of neutrophilic inflammation and accumulation in lung tissues of mice with bleomycin (BLM)-induced pulmonary fibrosis. (A) Representative 
immunohistochemical (IHC) images (upper panels) and the corresponding quantitative analysis (lower panel) of lymphocyte antigen 6G (Ly6G) expression in lung tissues 
from the Control, BLM, BLM+DSF50 and DSF50 groups on day 14. Scale bar = 100 μm. (B) Representative IHC images (upper panels) and quantitative analysis (lower panel) 
of myeloperoxidase (MPO) expression in lung tissues from the Control, BLM, BLM+DSF50 and DSF50 groups on day 14. Scale bar = 100 μm. (C) Representative IHC images 
(upper panels) and quantitative analysis (lower panel) of phospho-nuclear factor kappa-light-chain-enhancer of activated B cells (p-NF-κB) expression in lung tissues from the 
Control, BLM, BLM+DSF50 and DSF50 groups on day 14. Scale bar = 100 μm. Data are presented as mean ± SD. *p < 0.05 compared to the control group; #p < 0.05 
compared to the BLM group (n = 3–4 per group). DSF50: DSF at a dose of 50 mg/kg. Symbols represent individual mice.
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Figure 3 Assessment of endothelial adhesion molecules in lung tissues and neutrophil accumulation in bronchoalveolar lavage fluid (BALF). (A) Representative 
immunohistochemical (IHC) images (left panels) and the corresponding quantitative analysis (right panels) of vascular cell adhesion molecule 1 (VCAM-1) and intercellular 
adhesion molecule 1 (ICAM-1) expression in lung tissues from the Control, BLM, BLM+DSF50 and DSF50 groups on day 14. Scale bar = 100 μm. DSF50: DSF dose of 50 mg/ 
kg. (B) Representative immunofluorescence (IF) double staining images of cells isolated from BALF on day 14. Cells were stained for lymphocyte antigen 6G (Ly6G, green) 
and very late antigen 4 (VLA-4, red). Nuclei were counterstained with DAPI (blue) to indicate the total cell count. Scale bar = 100 μm. The lower panels display the 
quantitative analysis, representing the number of Ly6G+ cells and VLA-4+ cells evaluated against the total cell count (DAPI). Data are presented as mean ± SD. *p < 0.05 
compared to the control group; #p < 0.05 compared to the BLM group (n = 3–4 per group). DSF50: DSF at a dose of 50 mg/kg. Symbols represent individual mice.
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peripheral blood in mice with BLM-induced lung fibrosis, compared to the untreated group. These findings suggest that 
DSF may inhibit chemotaxis (Supplementary Figure 2).

Effects of DSF on Inflammation and Adhesion in HPMECs
To explore the optimal dose and duration of DSF treatment on HPMECs following BLM administration, we divided the 
doses into 2.5 µM, 5 µM, and 10 µM, and treated the cells at various time points after BLM administration (3 hours, 
6 hours, and 12 hours). We observed that HPMECs treated with DSF at 5 µM and 10 µM, 6 hours after BLM stimulation, 

Figure 4 Disulfiram (DSF) modulates pyroptosis-induced neutrophilic inflammation and adhesion in mice with bleomycin (BLM)-induced pulmonary fibrosis. (A) 
Representative Western blot images (left panels) and corresponding densitometric analysis (right panels) of the p-NF-κB/NF-κB ratio and the N-GSDMD/GSDMD ratio 
in lung tissues from the Control, BLM, BLM+DSF50, and DSF50 groups on day 14. β-actin was used as a loading control. (B) Representative Western blot images (left panels) 
and the corresponding quantitative analysis (right panels) of very late antigen 4 (VLA-4), lymphocyte function-associated antigen-1 (LFA-1), vascular cell adhesion molecule 1 
(VCAM-1), and intercellular adhesion molecule 1 (ICAM-1) expression in lung tissues from the Control, BLM, BLM+DSF50 and DSF50 groups on day 14. β-actin was used as 
an internal loading control. Data are presented as mean ± SD. *p < 0.05 compared to the control group; #p < 0.05 compared to the BLM group (n = 3–4 per group). DSF50: 
DSF at a dose of 50 mg/kg. Symbols represent individual mice.
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exhibited the most optimal response (Figure 5). The expression levels of N-GSDMD in HPMECs increased following 
BLM instillation but were suppressed after treatment with DSF at 5 µM and 10 µM. These findings were consistent with 
the results observed in the whole lung tissue (Figure 6A). Furthermore, BLM reduced endothelial integrity and enhanced 
PMN adhesion, as evidenced by decreased CD31 levels and increased VCAM-1 expression. DSF treatment effectively 
mitigated these effects induced by BLM on HPMECs (Figure 6B). Figure 6C demonstrates that neutrophil adhesion was 
suppressed by DSF.

To further investigate the relationship between endothelial pyroptosis and neutrophil adhesion, triple IF staining was 
performed to morphologically evaluate the cells. As shown in Figure 6D, the control group exhibited continuous CD31 
expression (red) with minimal N-GSDMD signals (yellow) and few adhered neutrophils (green). Following BLM 
stimulation, the continuity of CD31 staining was disrupted, and N-GSDMD signals were markedly increased. In this 
group, an increased number of adhered neutrophils was observed. In the DSF-treated BLM group, both the disruption of 
CD31 and the elevation of N-GSDMD signals were visibly attenuated compared to the BLM group. Concurrently, fewer 
adhered neutrophils were observed. Furthermore, to evaluate the biochemical impact of these treatments on overall 
endothelial cell membrane integrity, we measured LDH release in HPMECs at 24 hours post-treatment. Consistent with 
the functional and morphological observations, BLM stimulation significantly increased LDH release compared to the 
control group. Treatment with DSF resulted in a trend of reduced LDH release (Supplementary Figure 3).

Discussion
To the best of our knowledge, this is the first study to explore the role of DSF in regulating neutrophilic inflammation and 
adhesion, which are associated with BLM-induced endothelial damage and pulmonary fibrosis. We found that DSF 
reduced lung fibrosis driven by neutrophilic inflammation through the inhibition of GSDMD cleavage to N-GSDMD. 
Additionally, we observed that DSF decreased the expression of adhesion markers, including VCAM-1 and ICAM-1, 
thereby reducing PMN adhesion.

Figure 5 N-GSDMD immunofluorescence (IF) in HPMECs after bleomycin (BLM) stimulation with disulfiram (DSF) treatment. Representative IF images of N-GSDMD in 
HPMECs. Cells were stimulated with BLM and treated with DSF (2.5, 5, or 10 μM) for the indicated durations (3, 6, or 12 h). N-GSDMD is shown in red and nuclei are 
counterstained with DAPI (blue). Scale bar = 100 μm.

https://doi.org/10.2147/JIR.S569219                                                                                                                                                                                                                                                                                                                                                                                                                                                           Journal of Inflammation Research 2026:19 10

Sun et al                                                                                                                                                                              

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com/article/supplementary_file/569219/569219%20Supplementary%20Materials.docx


Figure 6 Markers of endothelial injury and neutrophil adhesion in human pulmonary microvascular endothelial cells (HPMECs) after bleomycin (BLM) stimulation with 
disulfiram (DSF) treatment. (A) Representative immunofluorescence (IF) images of N-terminal gasdermin D (N-GSDMD, green) and gasdermin D (GSDMD, red) expression 
in HPMECs. The cells were stimulated with BLM and treated with the indicated concentrations of DSF for 6 hours. Nuclei were counterstained with DAPI (blue). Scale bar = 
100 μm. (B) Representative IF images of vascular cell adhesion molecule 1 (VCAM-1, green) and CD31 (red) expression in HPMECs. The cells were stimulated with BLM and 
treated with DSF for 6 hours. Top row: merged images; middle row: CD31; bottom row: VCAM-1. Nuclei were counterstained with DAPI (blue). Scale bar = 100 μm. (C) 
Representative images (left panels) and corresponding quantitative analysis (right panel) of Calcein-AM–positive neutrophils adhered to HPMECs following 6 h of BLM 
stimulation and DSF treatment. Scale bar = 100 μm. (D) Representative triple IF images of HPMECs co-cultured with neutrophils. Cells were stained for CD31 (red, 
endothelial marker), N-GSDMD (yellow, pyroptosis marker), and adhered neutrophils (green, labeled with Calcein-AM). Nuclei were counterstained with DAPI (blue). 
Top, second, third, and bottom rows show merged images, neutrophils, N-GSDMD, and CD31, respectively. Scale bar = 100 μm. Data are presented as mean ± SD. *p < 0.05 
compared to the control group; #p < 0.05 compared to the BLM group. Symbols represent independent experiments.
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GSDMD, a key mediator of inflammasome-dependent pyroptotic cell death, is activated by proteolytic cleavage, 
releasing N-GSDMD to form membrane pores, which can induce the release of further cytokines and activate inflam
matory pathways.31 Peng L et al demonstrated that Scutellarin inhibits the NF-κB/NLRP3 pathway, thereby suppressing 
GSDMD activation and reducing BLM-induced lung fibrosis in mice.32 Additionally, another study observed GSDMD- 
induced pyroptosis in macrophages of silicosis lung tissue, providing preliminary evidence that caspase-1 and caspase-4/ 
5/11 mediate GSDMD activation. Mice lacking Gsdmd were found to be resistant to the development and progression of 
silicosis.22 DSF, originally developed for the treatment of alcohol use disorder,33 has recently gained attention for its 
potential to modulate immune responses.34 It targets the Cys191/192 residues in GSDMD,35 which are essential for pore 
formation in the cell membrane.36 Previous studies have shown that DSF effectively inhibits pyroptosis by blocking IL- 
1β release and prolonging survival during sepsis.37 Yugo Okabe et al also noted that DSF inhibits monocyte/macrophage 
migration and reduces the accumulation of monocyte-derived macrophages in lung tissue during inflammation in BLM- 
induced lung fibrosis.38 Our study further demonstrates that DSF blocks GSDMD activation not only in mouse lungs but 
also in HPMECs, suggesting that DSF reduces endothelial damage and alleviates lung inflammation and fibrosis. These 
findings indicate that DSF may exert effects through pathways beyond those identified in previous studies.

Neutrophil accumulation driven by cytokines plays a crucial role in lung inflammation associated with the 
development of fibrosis.39 Mice with BLM-induced fibrosis exhibited increased levels of N-GSDMD and neutrophil 
markers, including Ly6G and MPO, suggesting that GSDMD-mediated pyroptosis may contribute to neutrophilic 
inflammation. Our study shows that DSF effectively reduces neutrophil accumulation by inhibiting GSDMD 
cleavage, as evidenced by the significant decrease in MPO and Ly6G expression in lung tissues. Moreover, in 
BALF, we observed that BLM administration was associated with increased Ly6G and VLA-4 levels, which were 
lowered by DSF treatment. These findings suggest that DSF effectively reduces neutrophil numbers, thereby 
suppressing the progression of lung inflammation. Recent evidence indicates that DSF can inhibit the formation 
of neutrophil extracellular traps (NETs) in anti-neutrophil cytoplasmic antibody-associated vasculitis.40 Jose 
M. Adrover et al reported that DSF also reduced NETs caused by neutrophil infiltration in the lungs during acute 
lung injury.21 Our finding that DSF reduces neutrophil aggregation may partially explain the reduction in NETs 
observed in their study. While previous research indicates the direct inhibition of GSDMD-dependent NETosis in 
neutrophils or GSDMD-mediated pyroptosis in macrophages, our study provides an additional perspective. Our data 
demonstrate that DSF inhibits GSDMD cleavage in endothelial cells, leading to the downregulation of adhesion 
molecules including VCAM-1 and ICAM-1. We suggest that by preserving endothelial integrity and attenuating the 
recruitment and adhesion of neutrophils, DSF may potentially reduce neutrophils available for NETosis in the 
pulmonary microvasculature. Further investigations are warranted to elucidate the precise mechanistic cross-talk 
between endothelial pyroptosis and NET formation, and to determine how early-stage interventions like DSF 
modulate this axis during the pathogenesis of pulmonary fibrosis.

In addition to reducing neutrophil accumulation, we also observed a decrease in neutrophil adhesion following DSF 
treatment, as evidenced by the reduced expression of adhesion markers, including VCAM-1 and ICAM-1, which are 
involved in neutrophil adhesion to the endothelial cells in the lungs. Furthermore, we found that DSF-treated HPMECs 
showed restored endothelial integrity, as indicated by the increased expression of CD31 after treatment. Previous studies 
have demonstrated that serum from preeclamptic women induces endothelial dysfunction, as evidenced by increased 
VCAM-1 mRNA expression and enhanced adhesion of peripheral blood mononuclear cells (PBMCs) to human umbilical 
vein endothelial cells (HUVECs). The research found that the addition of DSF reduced VCAM-1 mRNA expression, 
suggesting that DSF may have a beneficial effect on improving endothelial dysfunction, which is consistent with our 
findings.41 By reducing neutrophilic adhesion and accumulation, DSF helps alleviate BLM-induced lung inflammation 
and subsequent fibrosis.

A recent review highlighted a notable shift since 2008 in the BLM model, with an increasing number of studies 
evaluating drugs in a therapeutic rather than a preventive setting.42 Currently, the primary treatment for pulmonary 
fibrosis includes monotherapy with antifibrotic agents such as nintedanib and pirfenidone, emphasizing the central role of 
antifibrotic strategies. However, unlike the BLM-induced pulmonary fibrosis murine model, which exposes a single 
intratracheal instillation of BLM, human pulmonary fibrosis develops through repetitive cycles of inflammation and 
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scarring. This discrepancy suggests that adjunctive therapy combining antifibrotic and anti-inflammatory agents may 
have greater potential to mitigate disease progression. In this study, we explored the preventive benefit of DSF in 
alleviating the neutrophilic inflammatory phase of pulmonary fibrosis by inhibiting endothelial pyroptosis. Further 
translational research is warranted to investigate the combination strategies involving antifibrotic and anti- 
inflammatory therapies in treating pulmonary fibrosis.

This study still has several limitations. The pathophysiology of lung fibrosis is complex, involving various 
signaling pathways and mechanisms. While we have explored the effects of DSF on neutrophil adhesion, these 
results do not encompass all of DSF’s effects on inflammation in the context of BLM-induced lung fibrosis. Further 
studies focusing on the broader pathophysiology of lung fibrosis are warranted. Second, we used the BLM-induced 
murine model to evaluate the effects of DSF on lung inflammation and fibrosis. Although widely used, this model 
primarily reflects an acute inflammatory injury followed by fibrotic remodeling and does not fully recapitulate the 
chronic, repetitive epithelial injury and progressive scarring typical of human fibrotic lung disease. Therefore, 
clinical extrapolation should be made cautiously, and future work should test DSF in progressive fibrotic models 
while defining stage-specific treatment timing and dosing. Third, although this study focused on the inhibition of 
GSDMD cleavage and neutrophil adhesion by DSF, it is possible that DSF has other biological effects, such as its 
impact on immune responses, antioxidation, or other cell death pathways (eg, autophagy or apoptosis). These effects 
may contribute additional benefits to the improvement of pulmonary fibrosis, but their mechanisms are not fully 
understood at present and warrant further investigation. Fourth, while our triple IF co-staining provides evidence 
linking N-GSDMD-mediated endothelial pyroptosis to neutrophil adhesion, we did not perform rescue experiments 
such as GSDMD siRNA knockdown. Therefore, we cannot definitively conclude that endothelial pyroptosis is the 
absolute trigger, as other concomitant inflammatory pathways may also contribute. Future studies utilizing genetic 
approaches will be essential to establish strict causality. Finally, from a clinical translational perspective, DSF 
requires further evaluation as a potential adjunct to established antifibrotic agents such as nintedanib and pirfeni
done, which slow disease progression but do not fully halt it. Future studies should assess combination strategies 
and define an appropriate therapeutic window and dosing, and prospective clinical studies are ultimately required to 
determine long-term safety and clinical utility in pulmonary fibrosis.

Conclusions
In this study, we demonstrated that DSF inhibits GSDMD cleavage to N-GSDMD, thereby reducing neutrophil adhesion in BLM- 
induced lung fibrosis. By suppressing pyroptosis and modulating inflammatory pathways, DSF alleviates BLM-induced lung 
inflammation and fibrosis, presenting a potential early-stage intervention for diseases driven by excessive neutrophilic inflamma
tion. Future research is necessary to explore its full potential and clinical applicability.
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